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ABSTRACT
MicA is a trans-encoded small non-coding RNA,
which downregulates porin-expression in stationary-
phase. In this work, we focus on the role of endoribo-
nucleases III and E on Salmonella typhimurium
sRNA MicA regulation. RNase III is shown to
regulate MicA in a target-coupled way, while RNase
E is responsible for the control of free MicA levels
in the cell. We purified both Salmonella enzymes
and demonstrated that in vitro RNase III is only
active over MicA when in complex with its targets
(whether ompA or lamB mRNAs). In vivo,M i c Ai s
demonstrated to be cleaved by RNase III in a
coupled way with ompA mRNA. On the other hand,
RNase E is able to cleave unpaired MicA and does
not show a marked dependence on its 50 phosphoryl-
ation state. The main conclusion of this work is the
existence of two independent pathways for MicA
turnover. Each pathway involves a distinct endoribo-
nuclease, having a different role in the context of the
fine-tuned regulation of porin levels. Cleavage of MicA
by RNase III in a target-dependent fashion, with the
concomitant decay of the mRNA target, strongly re-
sembles the eukaryotic RNAi system, where RNase
III-like enzymes play a pivotal role.
INTRODUCTION
Small non-coding RNAs (sRNAs) play very important
roles in post-transcriptional control of gene expression.
MicF was the ﬁrst trans-encoded antisense sRNA
described and was discovered a little more than a
quarter-century ago as a regulator of the Escherichia coli
ompF mRNA (1). Following the advent of systematic
genome wide sRNA searches, the total number of
known sRNAs in E. coli and the model pathogen
Salmonella enterica serovar Typhimurium has grown to
well over a hundred (2).
An extensive network of trans-antisense sRNAs have been
shown to downregulate the expression of several outer
membrane proteins (OMPs). While in some cases the same
sRNA regulates multiple omp mRNAs (3,4), in other cases
the same omp mRNA is target of multiple sRNAs (4–6).
OMPs are embedded within the outer membrane, which
together with the peptidoglycan layer and the inner
membrane form the bacterial cell envelope, the ﬁrst barrier
of defense against external aggressions. Coordination in the
expression of omp g e n e ss e e m sc r i t i c a lf o rp r o p e re n v e l o p e
assembly, and accounts for the existence of so many sRNAs
to regulate OMP mRNAs.
To survive in a changing environment, bacteria must
constantly adjust the nature and abundance of surface
components. Any condition that unbalances OMP levels
activates the response of the transcription factor s
E (7,8)
that triggers transcription of a set of genes, which collect-
ively help the bacterium to recover from the stress condi-
tion. MicA and RybB are two of the s
E activated genes in
stationary phase, whose role is to immediately limit OMP
synthesis (4,6,9). Both sRNAs act in the same fashion:
they inhibit protein synthesis by base pairing to the trans-
lation initiation region of their mRNA targets in an
Hfq-dependent manner, followed by the subsequent deg-
radation of the mRNA. Although sRNAs generally
modulate translational initiation by interfering with 30S
ribosome loading, alterations of target mRNA levels are
also often observed (10,11). A few studies performed in
E. coli suggest that RNase cleavage of target mRNAs may
be directly coupled to the degradation of the sRNA that is
regulating the process, with both RNAs being degraded
upon sRNA action (12–14).
RNases can have a major impact on sRNAs regulatory
pathways by performing a key role in the biogenesis and
processing of sRNAs, as well as in controlling their
cellular levels through regulation of their turnover
*To whom correspondence should be addressed. Tel: +351 214469547; Fax: +351 214469549; Email: cecilia@itqb.unl.pt
The Author wish it to be known that, in their opinion, the ﬁrst two authors should be regarded as joint First Authors.
2918–2930 Nucleic Acids Research, 2011, Vol. 39, No. 7 Published online 7 December 2010
doi:10.1093/nar/gkq1239
 The Author(s) 2010. Published by Oxford University Press.
This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.5), which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.(12,15–19). In E. coli, and presumably in many other
Gram-negative bacteria, including Salmonella, mRNA
decay is normally initiated by an endonucleolytic
cleavage mainly performed by RNase E (20) and, some-
times by RNase III (21), followed by exoribonucleolytic
degradation (19,22). In E. coli, both endoribonucleases
have also been implicated in the decay of sRNAs, upon
translational silencing (23).
We have previously reported speciﬁc contributions of
several Salmonella ribonucleases on the turnover of differ-
ent sRNAs (17). In this work, we have cloned and puriﬁed
for the ﬁrst time Salmonella RNase III and RNase E and
have demonstrated that both endoribonucleases are re-
sponsible for the control of MicA sRNA levels. The role
of the double stranded-speciﬁc endoribonuclease III over
MicA only occurs through a target-dependent pathway,
whether in vitro or in vivo. By contrast, the single
stranded-speciﬁc endoribonuclease E is able to efﬁciently
degrade free MicA sRNA. A model is proposed to explain
the cooperation of both enzymes in the cell in order to
achieve the ﬁne-tuned control of the post-transcriptional
regulator MicA.
MATERIALS AND METHODS
Oligonucleotides
All oligonucleotides used in this study are listed in the
Supplementary Table S1 and were synthesized by STAB
Vida, Portugal.
Bacterial strains
All bacterial strains and plasmids used in this study are
listed in the Tables 1 and 2, respectively. All Salmonella
strains used are isogenic derivates of the wild-type
Salmonella enterica serovar Typhimurium strain SL1344.
The OmpA
  (CMA-552), LamB
  (CMA-554) and MicA
 
(CMA-555) mutants were constructed using the primer
pairs pSV-104/pSV-105, pSV-108/pSV-109 and pSV-146/
pSV-147, respectively, and following the  -red recom-
binase method (24), with few modiﬁcations, as previ-
ously described (17). All chromosomal mutations were
subsequently transferred to a fresh SL1344 background
by P22 HT105/1 int-201 transduction (25). The
chloramphenicol-resistance cassette of plasmid pKD3
replaces nucleotides  190 to +1064 of the ompA gene,
 20 to +1339 of lamB and +8 to +78 of micA. All gene
deletions were veriﬁed by colony PCR using the primer
pairs pSV-106/pSV-107 for ompA, pSV-110/pSV-111 for
lamB and pSV-148/pSV-149 for micA. The S. typhimurium
RNase III deﬁcient strain (CMA-551) was obtained by
P22 transduction from SA5303 strain (26) and is tetracyc-
line resistant. The double mutants were constructed using
the same transduction method.
Bacterial growth
All strains were grown in Luria-Bertani (LB) broth at
37 C with agitation throughout this study. SOC medium
(Super Optimal Broth with Catabolite Repression
medium) was used to recover transformants after heat
shock (in the case of E. coli) or electroporation (in the
case of Salmonella), before plating. Growth medium was
supplemented with the following antibiotics when appro-
priate: ampicillin (150mg/ml), chloramphenicol (25mg/ml),
streptomycin (90mg/ml) and tetracycline (25mg/ml).
RNA extraction and northern blot analysis
Overnight cultures were diluted 1/100 in fresh LB medium
and grown until 6h after OD600 of 2 (OD2+6). Culture
Table 1. List of strains used in this work
Strain Relevant markers/Genotype Source/Reference
S. typhimurium, SL1344 Str
RhisG rpsL xyl (56)
CMA-537 SL1344 rne-537 (rne::Cm
R) (17)
CMA-551 SL1344 rnc-14::Tn10 (Tc
R) This study
CMA-552 SL1344 ompA (ompA::Cm
R) This study
CMA-554 SL1344 lamB (lamB::Cm
R) This study
CMA-555 SL1344 micA (micA::Cm
R) This study
CMA-556 SL1344 rnc-14 micA (rnc-14::Tn10/micA::Cm
R) This study
CMA-557 SL1344 rnc-14 ompA (rnc-14::Tn10/ompA::Cm
R) This study
CMA-558 SL1344 rnc-14 rne-537 (rnc-14::Tn10/rne::Cm
R) This study
E. coli BL21(DE3) F
  ompT hsd SB(rb
 mb
 ) gal dcm (DE3) (57)
E. coli BL21(DE3)recA rnc105 F
  ompT hsd SB(rb
 mb
 ) gal dcm (DE3) recA rnc105 (27)
E. coli DH5a recA1 endA1 gyrA96 thi-hsdR17 New England Biolabs
supE44 relA1 lacZYA-arg FU169 f80dLacZDM15
Table 2. List of plasmids used in this work
Plasmid Comments Origin/Marker Reference
pKD3 Template for mutants construction; carries chloramphenicol-resistance cassete oriRg/Amp
R (23)
pKD46 Temperature-sensitive  -red recombinase expression plasmid oriR101/Amp
R (23)
pCP20 Temperature-sensitive FLP recombinase expression plasmid Amp
R,C m
R (23)
pET-15b Inducible expression vector, N-terminal His Tag Amp
R Novagen
pSVDA-01 pET-15b encoding His-RNase III Amp
R This study
pSVDA-02 pET-15b encoding His-RNase E Amp
R This study
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solution [10 mM Tris (pH 7.2), 25mM NaNO3, 5mM
MgCl2, 500mg/ml chloramphenicol] and harvested by cen-
trifugation (10min, 6000g,4  C). For stability experiments,
rifampicin (500mg/ml) and nalidixic acid (20mg/ml) were
added to cells grown in LB at 37 C, with agitation, till
OD2+6. Incubation was continued and culture aliquots
were withdrawn at the time-points indicated in the respect-
ive ﬁgures. RNA was isolated using the phenol/
chlorophorm extraction method, precipitated in ethanol,
resuspended in water and quantiﬁed on a Nanodrop 1000
machine (NanoDrop Technologies).
For northern blot analysis, 15mg of total RNA was
separated under denaturating conditions either by 8.3M
urea/8% polyacrylamide gel in TBE buffer or by 1.3%
agarose MOPS/formaldehyde gel. For polyacrylamide
gels, transfer of RNA onto Hybond-N
+ membranes (GE
Healthcare) was performed by electroblotting (1h 50min,
24V, 4 C) in TAE buffer. For agarose gels, RNA was
transferred to Hybond-N
+ membranes by capillarity
using 20 SSC as transfer buffer. In both cases, RNA
was UV cross-linked to the membrane immediately after
transfer. Membranes were then hybridized in RapidHyb
Buffer (GE Healthcare) at 68 C for riboprobes and 43 C
in the case of oligoprobes and DNA probes. After hybrid-
ization, membranes were washed as described (17). Signals
were visualized by PhosphorImaging (Storm Gel and Blot
Imaging System, Amersham Bioscience) and analyzed
using the ImageQuant software (Molecular Dynamics).
Hybridization probes
Primers for templates ampliﬁcation are listed in
Supplementary Table S1. Labeling of the riboprobes
and oligoprobes was performed as described (17). The
riboprobes were obtained using the primer pair
pSV-118/pSV-141 for MicA and pSV-142/pSV-143 for
ompA. The DNA probe for 16S rRNA was generated
using the primer pair pSV-144/pSV-145 and ‘Amersham
Megaprime
TM DNA Labeling Systems’ (GE Healthcare),
according to the supplier instructions.
Construction of recombinant proteins
To overexpress Salmonella RNase E and RNase III
proteins, the rne and rnc coding regions were ampliﬁed
with primer pairs pSV-124/pSV-125 and pSV-129/
pSV-130, respectively. The N-terminal region (comprising
residues 1–522), corresponding to the catalytic domain of
RNase E, was puriﬁed. In E. coli, the N-terminal half of
RNase E (residues 1–498) was reported to be sufﬁcient for
the ribonuclease activity (27). The puriﬁed PCR products
were double digested with BamHI and NdeI and ligated to
the pET-15b vector previously digested with the same
enzymes, yielding plasmids pSVDA-01 (rnc) and
pSVDA-02 (rne). These plasmids were ﬁrst cloned into
E. coli DH5a and were subsequently transformed into
BL21(DE3) strain in the case of pSVDA-02, and
BL21(DE3) rnc105 recA (28) in the case of pSVDA-01
construction. This derivative strain of BL21(DE3),
carrying an RNase III mutation, was used because it
blocks the autoregulation of Salmonella RNase III by
the endogenous E. coli homologue, resulting in a higher
yield of the enzyme upon overexpression. All constructs
were conﬁrmed by DNA sequencing at STAB Vida.
Overexpression and puriﬁcation of Salmonella RNase E
and RNase III proteins
The BL21 (DE3) strain and derivative, containing the re-
combinant plasmids of interest, were grown in 100ml of
LB medium supplemented with ampicillin (150mg/ml) to
an optical density at 600nm of 0.5. At this point, protein
expression was induced by addition of 1mM of IPTG for
3 h at 37 C. Cells were then harvested by centrifugation
and the pellets stored at  80 C. The culture pellets ex-
pressing RNase III or RNase E were resuspended in
3ml of Buffer A (20mM Tris–HCl pH 8, 500mM NaCl,
20mM imidazole pH 8). Suspensions were lysed using a
French Press at 900psi in the presence of 0.1mM of
PMSF. After lysis, the crude extracts were treated with
125 U of Benzonase (Sigma) to degrade the nucleic acids
and clariﬁed by a 30min centrifugation at 10000g,4  C.
The histidine tagged recombinant proteins were puriﬁed
by afﬁnity chromatography, using the A ¨ KTA FPLC
TM
System (GE Healthcare). The clariﬁed extracts were
loaded into a HisTrap HP Sepharose 1ml column
equilibrated in Buffer A. Protein elution was achieved in
buffer A with a linear imidazole gradient (from 20 to
500mM). The fractions containing mostly the protein of
interest, free of contaminants, were pooled. Eluted
proteins were buffer exchanged with Desalting Buffer [10
mM Tris–HCl (pH 8), 3mM MgCl2, 100mM NaCl, 1mM
DTT] and concentrated by centrifugation at 4 C with
Amicon Ultra Centrifugal Filter Devices (Millipore),
with a molecular mass cutoff of 10kDa (RNase III) or
50kDa (RNase E). Proteins were quantiﬁed using the
Bradford Method (29) and stored at  20 C in Desalting
Buffer containing 50% (v/v) glycerol. The purity of the
enzymes was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS–PAGE)
and revealed >90% homogeneity.
In vitro transcription and activity assays
DNA templates for the in vitro transcription were
generated by PCR using chromosomal DNA from
S. typhimurium SL1344 strain. The phage T7 RNA poly-
merase promoter sequence was included in the forward
primer sequences. micA was ampliﬁed with the primer
pair pSV-116/pSV-117, ompA with pSV-122/pSV-123
and lamB with pSV-120/pSV-121. For the synthesis of
the internally labeled 50 triphosphate MicA, in vitro tran-
scription was carried out using the puriﬁed PCR product
as template in the presence of an excess of [
32P]-a-UTP
over unlabeled UTP with ‘Riboprobe in vitro
Transcription System’ (Promega) and T7 RNA polymer-
ase. MicA substrate bearing 50 monophosphate was
obtained by adding an 8-fold excess of GMP over the
other ribonucleotides to the in vitro transcription
reaction. Non-radioactive molecules were transcribed in
the same conditions but using equimolar concentrations
of all four ribonucleotides. MicA transcripts were puriﬁed
by electrophoresis on an 8.3M urea/10% polyacrylamide
2920 Nucleic Acids Research, 2011,Vol.39, No. 7gel. The gel slice was crushed and the RNA eluted with
elution buffer [3 M ammonium acetate pH 5.2, 1mM
EDTA, 2.5% (v/v) phenol pH 4.3], overnight at room
temperature. The RNA was ethanol precipitated and
resuspended in RNase free water. For the synthesis of
the 50-end-labeled MicA or ompA, in vitro transcription
was carried out using the corresponding PCR product
as template. MicA and ompA transcripts were run on a
10 or 6% polyacrylamide gel, respectively, identiﬁed by
ethidium bromide (EtBr) staining and cut out from the
gel. The RNA was eluted from the gel slice as described
above. The RNA substrates were end-labeled with [
32P]-
g-ATP at 37 C for 1h, with 10 units of T4 polynucleotide
kinase (Fermentas) using the supplier exchange buffer and
again puriﬁed from gel as above. The yield of the labeled
substrates (cpm/ml) was determined by scintillation
counting.
The hybridization between labeled and unlabeled sub-
strates was always performed in a 1:40 molar ratio in the
Tris component of the activity buffer by incubation for
10min at 80 C, followed by 45min at 37 C.
The activity assays were done in a ﬁnal volume of 50ml
containing the activity buffer {for RNase III [30 mM Tris–
HCl pH 8, 160mM NaCl and 0.1mM DTT] and for
RNase E [25 mM Tris–HCl pH 7.5, 5mM MgCl2,
60mM KCl, 100mM NH4Cl, 0.1mM DTT and 5%
(v/v) glycerol]} and  10000 cpm of substrate. In the
case of the activity assays with RNase III, 10mM of
MgCl2 was added to the reaction mixture. As a control,
prior to the beginning of each assay an aliquot was taken
and was incubated until the end of the assay (without the
enzyme). The reactions were started by the addition of the
enzyme at a concentration of 500nM, and further
incubated at 37 C in the case of RNase III and 30 C for
RNase E (30,31). Samples were withdrawn at the
time-points indicated in the respective ﬁgures, and the re-
actions were stopped by the addition of formamide-
containing dye supplemented with 10mM EDTA.
Reaction products were resolved in a 7M urea/15% or 8
% polyacrylamide gel as indicated in the respective ﬁgure
legends. Signals were visualized by PhosphorImaging and
analyzed using ImageQuant software (Molecular
Dynamics).
OMPs extraction and analysis
The membrane protein fraction from late stationary phase
cultures (OD600 of 2+6h) was extracted as described (32).
OMPs were analyzed on 4% urea–SDS–12% polyacryl-
amide gel. Gels were stained overnight with Coomassie
Brilliant Blue.
RESULTS
Detection of MicA sense transcripts in an RNase III
 
mutant
We have previously studied MicA sRNA turnover in
S. typhimurium and have analyzed the particular contribu-
tion of several RNases to the decay of this sRNA.
We have found that the dsRNA-speciﬁc endoribonuclease
III has a remarkable impact on the stability of MicA
sRNA. In the wild-type, MicA sRNA has a half-life of
 6min (17). In an RNase III
  mutant, there was a
dramatic stabilization of the sRNA (no signiﬁcant decay
in >2h), with the concomitant accumulation of a degrad-
ation intermediate, very stable, which was absent in the
wild-type (17). In an RNase E mutant MicA was also
stabilized, but the small stable intermediate was not
detected.
We were interested in clarifying the nature of this small
intermediate. For this purpose we have compared the
bands pattern of isogenic RNase III
+ and RNase III
 
strains, by northern blot analysis, with different probes.
We have used a probe antisense (AS1) or sense (S1) to the
50-end of MicA, which corresponds to the region of inter-
action with its targets (33–35). The same short MicA
sRNA stable intermediate of  45nt (indicated by an
asterisk in the ﬁgures) was detected with the antisense
probe (AS1) only in the RNase III
  strain (Figure 1A,
left panel). When using the MicA sense probe (S1) we
have also detected in this mutant a smaller transcript
with approximately the same size (Figure 1A, right
panel). Both species (sense and antisense) have a remark-
ably long half-life (see Figure 1B). It was also detected
with the sense probe another band with the size corres-
ponding to that of MicA full transcript (74nt). None of
the bands observed with the sense probe were visible in the
wild-type or the RNase E mutant (rne-537). Moreover, the
presence of these ‘sense transcripts’ is MicA dependent,
since they were not detected in an RNase III
 /MicA
 
strain.
The fact that the smaller transcript is equally present
when using a sense or antisense probe and uniquely
when RNase III is absent suggests that it is one strand
of a stable dsRNA remnant of the MicA-target mRNA
paired species. This smaller intermediate probably arises
due to the previous activity of other degrading enzyme(s)
but only accumulates in the absence of RNase III by
virtue of its double stranded character. RNase E is
probably a good candidate since the level of the smaller
intermediate is decreased in an RNase III
  mutant that is
also impaired for degradosome formation - RNase III
 /
rne-537 (see Supplementary Figure S1). For instance,
cleavage of MicA and ompA mRNA (a main target of
MicA) by RNase E (33) together with exoribonucleolytic
degradation of both RNAs may explain why the antisense
and sense transcripts have approximately the same size.
In order to conﬁrm that the smaller transcripts corres-
pond to a stable dsRNA remnant of the MicA-target
mRNA paired species, we have used two other MicA
sense probes differently located along the MicA transcript
(Figure 1C). For each sense probe used, the correspondent
antisense probe, complementary to MicA, was also
designed. The location of each of the probes in the
MicA sequence is indicated in the ﬁgure below the respect-
ive images. A transcript having the same size was detected
whether with the sense probes S1 and S2, or with the cor-
responding AS1 and AS2 antisense probes. However, we
have not obtained any signal when using a sense probe
located in the 30-end of MicA (S3), while the MicA full
transcript could still be detected with the corresponding
antisense probe (AS3).
Nucleic Acids Research,2011, Vol.39, No. 7 2921Figure 1. Analysis of MicA sense and antisense species in an RNase III
  mutant. Total cellular RNA was extracted from the S. typhimurium strains
indicated and analyzed by northern blot. 15mg of RNA (each lane) were separated on an 8% PAA/8.3 M urea gel. The gel was then blotted to a
Hybond-N
+ membrane and hybridized with the corresponding probes. Details of RNA extraction and northern blot procedure are described in
‘Materials and Methods’ section. In each case, the membrane was stripped and then probed for 5S rRNA (pSV-139) as loading control.
The radiolabeled marker 10bp DNA Step Ladder (Promega) is on the left side. The respective sizes are represented in nucleotides (full MicA is
74nt long). The asterisk indicates the fragment that speciﬁcally accumulates in RNase III
  strain. The probes used are indicated in the corresponding
image. The arrow in each picture indicates the localization and direction of the probes in MicA sRNA: antisense (AS), represented by a dashed
arrow; sense (S), represented by a solid arrow. The sequence of the probes is indicated in Supplementary Table S1. (A) Total RNA from
S. typhimurium wild-type and mutant derivatives RNase III
 , rne-537 and RNase III
 /MicA
  was hybridized with MicA antisense (AS1) and
sense (S1) probes. The double mutant (RNase III
 /MicA
 ) and the RNase E mutant (rne-537) were used as controls. (B) Comparison of the stability
of both MicA sense and antisense species in the absence of RNase III. Total cellular RNA from wild-type and RNase III
  mutant was extracted at
the time-points (min) indicated on top, after transcription arrest. RNA samples were analyzed as described above using an antisense probe to the full
MicA sequence (upper panel) or a sense probe (lower panel). (C) Total RNA from wild-type and RNase III
  mutant strains was hybridized with two
other differently located antisense and sense probes, as indicated in the pictures below each image.
2922 Nucleic Acids Research, 2011,Vol.39, No. 7These results strongly indicate that the small degrad-
ation intermediate should correspond to a remnant of a
duplex MicA-target mRNA. The lack of signal when using
S3 (located in the 30-end of MicA) further suggests that the
duplex formation is conﬁned to the 50-end of MicA. This
observation is in agreement with previous reports, which
indicate that the interaction site is located in the 50-end of
the sRNA, at least for the two known targets of MicA
(33–35).
MicA cleavage by RNase III is facilitated by base pairing
with its mRNA target(s)
The results presented in Figure 1 suggest that the cleavage
of MicA by RNase III occurs in a target- dependent
fashion. Taking this into account, together with the fact
that RNase III is a double-stranded-speciﬁc endoribo-
nuclease, led us to compare in vitro the activity of the
enzyme both over MicA transcript alone or in complex
with its mRNA targets. Until now only two targets
for this sRNA have been described in Salmonella, ompA
and lamB mRNAs. MicA was reported to act over the
translation initiation region of both molecules (33–35).
In order to study the activity of Salmonella RNase III
over MicA, we have cloned and puriﬁed the Salmonella
enzyme as described in Material and Methods. The pure
enzyme used in the in vitro experiments is shown in
Supplementary Figure S2. Activity assays were performed
by incubating the puriﬁed Salmonella RNase III with
a
32P-labeled MicA alone or in combination with the un-
labeled 50-untranslated region (UTR) of ompA or lamB
mRNAs. Since it has been shown that MicA is also able
to bind ompA mRNA without the help of Hfq (33), this
protein was not included in the activity assays. MicA
alone was found to be resistant to RNase III cleavage
(Figure 2A). By contrast, in conditions favoring the hy-
bridization of the sRNA transcript with each one of the
target molecules, we could see the increasing accumulation
of speciﬁc reaction products simultaneously with the dis-
appearance of the substrate. This indicates that the for-
mation of the sRNA-target mRNA complex promotes the
RNase III cleavage of MicA.
The extension and location of MicA interaction with
ompA or lamB mRNAs has been predicted to be slightly
different (33,34). Since RNase III cleaves dsRNA, the dif-
ferent interaction between MicA and the two targets could
be in the origin of the distinct cleavage pattern induced by
ompA or lamB. In order to identify the cleavage points
generated by RNase III on the MicA-ompA and MicA-
lamB hybrids, in vitro assays were performed as described
above, but using 50-end-labeled MicA in combination
either with the unlabeled 50-UTR of ompA or lamB. The
results are shown in Figure 2B. RNase III cleavage gen-
erates two main fragments of 22 and 23nt on MicA-ompA
hybrid, and 21 and 25nt on MicA-lamB. Since in this
experiment MicA was 50-end-labeled, the size of these
fragments indicates the distance from the cleavage point
to the 50-end of MicA. The higher molecular weight
bands observed only when MicA was internally labeled
(see Figure 2A) correspond to 30-end fragments, since
they are not detected in the cleavage of 50-end-labeled
MicA. A representation of the hybridization regions
showing the RNase III cleavage positions in MicA
sequence is presented in Figure 2C. All the cleavage pos-
itions are located inside the predicted region of interaction
with each target, strongly supporting our hypothesis that
RNase III is responsible for the coupled MicA-target
degradation.
According to our proposal, cleavage of MicA is coupled
with the mRNA target cleavage. In this sense the same
kind of activity assays were carried out in order to check
the direct activity of RNase III over the corresponding
region of ompA mRNA. For this, the puriﬁed
Salmonella RNase III was incubated with the 50-end-
labeled UTR of ompA (172nt) alone or in combination
with unlabeled MicA. As shown in Figure 2D although
RNase III is able to cleave free ompA, a faster disappear-
ance of the substrate when the hybrid ompA-MicA was
used indicates that it is cleaved more efﬁciently.
Moreover, the cleavage event gives rise to speciﬁc degrad-
ation products that were not observed after incubation
with ompA alone (Figure 2D). Among these products,
we could observe the accumulation of fragments in the
range of 113–130nt, which is the expected size of frag-
ments generated by cleavage inside the hybridization
region with MicA (see Figure 2C). The other products
with a higher molecular weight probably arise due to al-
terations in the secondary structure of ompA after the
duplex formation, which could generate a new dsRNA
region suitable for RNase III. However, we cannot ex-
trapolate to the in vivo situation, since these assays were
performed with a truncated version of ompA. The ability
of RNase III to preferentially cleave the hybrid ompA-
MicA in the region corresponding to the hybridization
between the two molecules is another evidence for the
coupled degradation of the target and the sRNA.
Taken together, our results indicate that MicA decay
in vivo is highly dependent on RNase III and its
cleavage by this enzyme in vitro is triggered upon base
pairing with its target mRNAs.
ompA expression is regulated by RNase III and is
dependent on MicA
OmpA is a very abundant porin highly expressed in the
exponential phase of growth. In stationary phase MicA is
present at high levels and is the principal post-
transcriptional downregulator of the ompA mRNA
(33,35). Since our results indicate that MicA degradation
by RNase III is target-dependent and we have observed
the concomitant degradation of the ompA target mRNA
in vitro, we analyzed the effect of an RNase III
  mutation
on the levels of ompA mRNA in stationary phase. The
RNase III
  mutant shows an increment of almost
14-fold in ompA mRNA level in comparison to the
wild-type (Figure 3A). A strong increase in the OmpA
protein level was also observed. This suggests that the
reduced levels of ompA mRNA observed in stationary
phase in the wild-type (RNase III
+) are probably due to
the cleavage and destabilization of the message by RNase
III. This cleavage should be suppressed when RNase III is
absent. This result strongly indicates that RNase III is
Nucleic Acids Research,2011, Vol.39, No. 7 2923implicated in the degradation of the ompA mRNA. On the
other hand, the constant levels of OmpC and OmpD
between the wild-type and RNase III
 , further suggest
that RNase III is not involved in the turnover of their
messages and that the control of these proteins levels in
the cell follows a different pathway. Interestingly,
Paperfort et al. (4) have shown that MicA sRNA is also
not involved in the control of ompC or ompD levels, while
affecting ompA.
Since the degradation of both the sRNA MicA and the
ompA target mRNA is dependent on RNase III, we have
checked whether the RNase III regulation of ompA ex-
pression was also MicA dependent. Therefore, we have
analyzed the expression of ompA in a MicA
  mutant
Figure 2. In vitro cleavage of sRNA MicA or ompA 50-UTR by endoribonuclease III. The radioactivelly labeled substrate was incubated with
500nM of Salmonella RNase III. Aliquots withdrawn at the time-points indicated above each lane were analyzed on a 7M urea/15% or 8% PAA gel
for MicA or ompA, respectively. The ﬁrst two lanes of each reaction correspond to the controls without the protein at time zero (0) and at the end of
the reaction time (150). The radiolabeled Decade Marker RNA (Ambion) is indicated by ‘M’. The arrows in the ﬁgure indicate speciﬁc degradation
products. (A) Assays performed with internally labeled MicA in the absence ( ) (left panel) or in the presence (+) of a molar excess of ompA (middle
panel) or lamB (right panel) unlabeled transcripts (50-UTR sequence). (B) Assays performed with 50-end-labeled MicA in the presence (+) of a molar
excess of ompA (left panel) or lamB (right panel) unlabeled transcripts (50-UTR sequence). The bands that are already observed in the absence of the
enzyme (control reactions) arise due to the radiolysis of the substrate. (C) Proposed interaction regions of ompA and lamB mRNAs with MicA
[adapted from (33)]. The Shine–Dalgarno regions of ompA and lamB are indicated. The arrows indicate the RNase III cleavage sites on MicA as
determined on A and B. (D) Assays performed with 50-end-labeled ompA in the absence ( ) (on the left) or in the presence (+) (right panel) of a
molar excess of unlabeled MicA. On the left side of the marker (M) radiolabeled transcripts of known sizes were included (a) 130nt; (b) 120nt and
(c) 95nt. The arrows in the ﬁgure indicate the degradation products located inside the hybridization region.
2924 Nucleic Acids Research, 2011,Vol.39, No. 7strain. In stationary phase MicA basepairs with the
50-UTR of ompA preventing ribosome binding and
destabilizing the entire ompA mRNA (33,35).
Accordingly, when the regulator is absent (MicA
 
mutant) the levels of ompA mRNA should be elevated.
We observed an increase of about 7-fold in ompA
mRNA levels when MicA is absent (Figure 3A). This
result conﬁrms that the control of ompA mRNA levels
is dependent on MicA. However, the fact that in the
absence of RNase III ompA mRNA levels are still higher
than in the MicA
  mutant indicates that RNase III may
also have a role in ompA expression by an alternative
pathway not involving MicA. In fact we show that
RNase III is also able to cleave ompA in vitro in the
absence of MicA. Additionally ompA mRNA may also
be under the control of another sRNA in an RNase III
dependent way.
If RNase III and MicA affect the ompA message
through the same regulatory pathway, the combined
absence of both would not result in a cumulative effect.
In order to clarify this, we have constructed and tested
the effect of the double mutant RNase III
 /MicA
  on
the ompA mRNA levels. As shown in Figure 3A, in the
double RNase III
 /MicA
  mutant the ompA levels are
reduced in comparison with the RNase III
  single
mutant, demonstrating that MicA and RNase III act
over ompA message through a common pathway.
Detection of the ‘sense transcripts’ in the RNase III
 
mutant depends on ompA
Taken together, the results presented here point out that
ompA is subjected to MicA-coupled degradation by
RNase III. Since we had indications that the ‘sense tran-
scripts’ detected in the RNase III
  mutant are remnants of
the sRNA-target complex (see Figure 1), we have
investigated if these ‘sense-transcripts’ corresponded to
ompA mRNA fragments. Indeed, in the absence of both
RNase III and ompA, the levels of these ‘sense transcripts’
are largely reduced when compared with those of the
single RNase III
  mutant (Figure 3B). This means that
the detection of these ‘sense transcripts’ is related with the
presence of ompA, strongly suggesting that this mRNA
might be one of the targets degraded by RNase III in
conjunction with MicA.
Figure 3. Regulation of ompA and MicA expression in different mutant strains. Northern blot and SDS–PAGE analysis of RNA and protein
samples extracted from wild-type and mutant strains as indicated on top of each lane. Details of experimental procedures are described in ‘Materials
and Methods’ section. (A) (Upper panel) Analysis of steady-state ompA mRNA levels by northern blot. 15mg of RNA (each lane) were resolved in a
1.3% formaldehyde-agarose gel. The gel was then blotted to a Hybond-N
+ membrane and hybridized with the corresponding ompA riboprobe.
Full-length transcripts were quantiﬁed using a Molecular Dynamics PhosphorImager. The amount of RNA found in wild-type was set as one. The
ratio between each strain and the wild-type is depicted (relative levels). A representative membrane is shown and values indicated correspond to the
average of several northern blot experiments with RNAs from at least two independent extractions. The membrane was stripped and then probed for
16S rRNA as loading control. (ND) Non-detectable. (Middle panel) MicA sRNA levels analysis by northern blot. 15mg of RNA from the same
mutants were separated on an 8% PAA/8.3M urea. The gel was then blotted to a Hybond-N
+ membrane and hybridized with the corresponding
MicA riboprobe. The membrane was stripped and then probed for 5S rRNAs, as loading control. (Lower pannel) Outer membrane protein fraction
analysis by 4% urea–SDS–12% polyacrylamide gel electrophoresis. The positions of the OmpC, OmpD and OmpA bands are indicated. An OmpA
 
mutant was used as control. (B) Comparison of the levels of MicA sense species on the wild-type, RNase III
  and the double RNase III
 /OmpA
 
strains. The experimental procedure was similar to the one described in (A). The arrow on MicA sRNA picture indicates the localization and
direction of the probe (S1). Loading control of the RNA was done with 5S rRNA probe and is represented below. Sizes were estimated using the
radiolabeled 10bp DNA Step Ladder (Promega), on the left side of the membrane.
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the absence of ompA indicates that this mRNA might not
be the only candidate for the MicA-coupled degradation.
However, in a LamB
  mutant (the other known target of
MicA) we did not observe, under our experimental condi-
tions, a signiﬁcant alteration in the level of the ‘sense tran-
scripts’ (data not shown). Furthermore, in the absence of
both ompA and lamB targets, the ‘sense transcripts’ could
still be slightly observed (data not shown), indicating that
other MicA targets subjected to the same type of regula-
tion should exist in the cell.
RNase E cleaves ‘free MicA’ sRNA in vitro
We have demonstrated that the sRNA MicA degradation
is inﬂuenced by RNase III. However, this seems to happen
only in the presence of the target mRNA. As we have
shown in vitro, the enzyme was not able to cleave MicA
alone. Thus, the question of how is free MicA degraded
remains to be answered. In vivo experiments have shown a
large impact of an RNase E mutant on the levels and
stability of full MicA sRNA (17). However, these results
concern studies undertaken with the rne-537 mutant de-
rivative (17). Since this mutant only prevents degradosome
formation, without totally abolishing the enzyme activity,
we were also interested in clarifying the role of the cata-
lytic activity of RNase E on the decay of MicA. Moreover,
it has been shown that -A/U rich sequences together with
adjacent stem-loop structures can comprise recognition
sites for RNase E (36,37). The sequence of the sRNA
MicA matches these characteristics. Therefore, we have
analyzed the ability of this endoribonuclease to cleave
MicA sRNA transcript, in vitro. For this purpose we
have cloned and puriﬁed the amino-terminal region of
Salmonella RNase E. The homologous region in E. coli
RNase E is known to be responsible for the catalytic
activity of the enzyme (27). The results of the puriﬁcation
of the N-terminal segment of Salmonella RNase E are
shown in Supplementary Figure S2. In vitro assays with
the puriﬁed protein were performed over uniformly
labeled MicA transcript. It was seen before that RNase
E preferentially cleaves RNAs with a 50 monophosphate
group over those endowed with a 50 triphosphate
(36,38–40). Thus, in the activity assays we have used as
substrate both the monophosphate and the triphosphate
MicA transcripts. Our results show that RNase E is
able to cleave both substrates in vitro (Figure 4), though
the efﬁciency of cleavage was superior over mono-
phosphorylated MicA. This is in agreement with the
recent report that E. coli RNase E is also active over
some triphosphate substrates (41).
We have previously shown that in cells in which the
degradosome scaffold of RNase E was deleted the degrad-
ation of MicA is slower (>4-fold stabilization) (17). This
suggests that, in vivo, RNase E may need the cooperation
of other degradosome components in the decay of this
transcript. Indeed it was previously shown in E. coli and
Salmonella that the absence of PNPase, the exoribonu-
cleolytic component of the degradosome, has a remark-
able impact over the stability of MicA sRNA (16,17).
However, the high ability of RNase E to cleave MicA
in vitro indicates that the enzyme per se should important-
ly contribute for the in vivo degradation of free MicA.
DISCUSSION
Stress conditions that unbalance OMP levels activate the
s
E response, a complex set of changes normally devoted
to protect the cell envelope from environmental challenges
(42). The transcription factor s
E triggers the synthesis of
the sRNAs that control OMP levels (4,6). Upon
downregulation of OMPs and the relief of membrane
stress, the high sRNA levels have to be brought back to
normal amounts. MicA sRNA is a s
E-dependent porin
downregulator whose transcription is activated in
stationary-phase (4,6,9). Under this context, we were
interested in studying the regulation of MicA cellular
levels and determining the enzymes involved in this
process.
MicA was previously found to be highly stabilized in
cells lacking a functional RNase III (17). However, RNase
III is not able to cleave MicA in vitro, suggesting that
MicA alone is not a substrate for this enzyme. Indeed,
we demonstrate that RNase III is only able to cleave
MicA in vitro when it base pairs with its target(s).
RNase III is a speciﬁc double stranded RNA endoribo-
nuclease, which plays multiple roles in the processing
of rRNA and mRNA (43) and its activity has also been
demonstrated over several sRNA-target complexes
formed by cis-antisense sRNAs (44–47). In these
complexes, there is a perfect complementarity between
the RNA partners, which constitutes a preferred substrate
for RNase III, and avoids the need for Hfq. The limited
complementary between trans-encoded sRNAs and their
Figure 4. In vitro study of MicA sRNA cleavage by RNase E.
a-
32P-labeled MicA transcript, 50 monophosphate (left panel) or 50 tri-
phosphate (right panel), was incubated with 500nM of puriﬁed
Salmonella RNase E (residues 1–522) at 30 C. Aliquots withdrawn at
the time-points indicated above each lane were analyzed on a 15%
PAA/7M urea gel. The two ﬁrst lanes of each reaction correspond to
the controls without the protein both withdrawn at time zero and at the
end of the reaction time.
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chaperone Hfq. The trans-encoded sRNA MicA was
shown to be dependent on Hfq both for stability and
target degradation (17,33,35). It is generally assumed
that Hfq binds both the regulator and the target RNA,
favoring their interaction. Moreover, Hfq enhances
the stability of many sRNAs in vivo, by protecting them
from degradation (48). Curiously, IstR-1 from E. coli
and RNAIII from Staphylococcus aureus are two trans-
encoded sRNAs that act independently of Hfq and were
also seen to be cleaved by RNase III in a target-coupled
mechanism (13,49–51). Here we describe, in Salmonella,
the ﬁrst example of a system controlled by a
Hfq-dependent trans-sRNA that involves the coupled deg-
radation of the sRNA-target mRNA by RNase III.
In RNase III
  cells, besides the high stabilization of
MicA, a very stable smaller degradation intermediate is
also observed. In agreement with the in vitro results, we
have obtained several indications that this degradation
intermediate corresponds to a remnant of a dsRNA
complex formed by MicA and its target(s): (i) It is only
detected in the RNase III
  mutant (deﬁcient for dsRNA
degradation), where it is extremely stable by virtue of its
double stranded character. When RNase III is present,
dsRNA complexes are cleaved to products that are
either further degraded or too small to be detected by
northern blot; (ii) This small intermediate is visible with
both antisense MicA probes and sense probes complemen-
tary to the targets and (iii) The level detected with sense
probes is highly reduced in the absence of OmpA (a main
MicA target). Thus, this remnant species should indicate
the region of interaction between MicA and its targets.
Since a strong signal is detected with the 50 probes and
no signal at all is obtained with the probes located in the
30-end, this region corresponds to the 50 half of MicA. In
fact, it is known that MicA interacts through its 50-end
sequence with its two targets described till now (33–35).
Accordingly, the RNase III cleavage sites determined
in vitro on both MicA-ompA and MicA-lamB hybrids
are located in the 50 half of MicA, inside the respective
predicted hybridization region, which strongly correlates
with the in vivo observations. This result is further con-
ﬁrmed by the fact that RNase III also cleaves the ompA
50-UTR inside the same region, demonstrating that both
molecules are cleaved together.
In the absence of both ompA and RNase III the level of
the ‘sense transcripts’ is strongly decreased (Figure 3B).
The fact that these bands are still visible, despite at very
low levels, may be related with the formation of complexes
between MicA and other target(s), whose degradation
should also be RNase III-dependent. We demonstrate
that in vitro RNase III is also able to cleave the complex
MicA-lamB. However, in vivo, whether in the absence
of lamB or of both lamB and ompA we could still detect
the sense transcripts referred above (data not shown). This
means that probably besides lamB mRNA other
Salmonella MicA targets (not yet identiﬁed) may exist
in stationary-phase. In E. coli, expression of phoPQ
has recently been shown to be repressed by MicA upon
activation of s
E (52). In fact, MicA is a trans-encoded
sRNA highly conserved in Enterobacteriacea (53).
Trans-encoded sRNAs generally establish short and im-
perfect interactions with its mRNA targets ( 10–25nt)
(11,54), allowing the regulation of multiple targets by
the same sRNA. For example, RybB sRNA controls
more than 17 mRNAs, 10 of which encode OMPs,
including ompA.
Upon MicA accumulation in stationary phase, the
sRNA binds to ompA mRNA blocking ribosome
binding and translation initiation. This releases the
mRNA from the ‘protection’ by the ribosomes and leads
to degradation of the ribosome-free mRNA by the con-
certed action of endo- and exoribonucleases (19). In line
with previous-work (55,56), RNase E is thought to be the
endoribonuclease responsible for the decay of ompA
mRNA after the blockage of ribosome loading caused
by MicA binding (33,35). In this report, we show that
additionally the binding of MicA to ompA renders both
RNAs susceptible to RNase III cleavage. We have
demonstrated that this endoribonuclease is essential for
ompA repression and, in agreement with previous studies
(33,35), we observed a relieve of ompA repression in the
absence of MicA. Both effects were seen to occur in a
concerted way. The RNase III pathway has the advantage
of simultaneously controlling the levels of the sRNA,
whose function after the repression of the target will no
longer be necessary in the cell. In addition RNase III
cleavage makes the repression irreversible. From a physio-
logical point of view, the existence of two distinct
pathways may enhance the cell response in stress condi-
tions allowing a ﬁne-tuned balance of OmpA levels needed
to keep the envelop integrity. Moreover by having two
alternative degradation pathways the cell warrants the me-
tabolism of molecules no longer needed. This may be
crucial in stationary phase, which is characterized by
limited resources.
Interestingly, the ompA levels in the double mutant
(RNase III
 /MicA
 ) are not restored to those observed
in the MicA
  mutant. This can be due to a direct effect of
RNase III over ompA. Indeed we show that in vitro RNase
III is able to cleave ompA even in the absence of the
sRNA. Alternatively, other(s) player(s) can be involved
in the RNase III-mediated regulation of ompA. At least
two other trans-encoded regulatory sRNAs (RseX and
RybB) have been described as additional ompA regulators
(4,5).
We have just described a pathway for degradation of
MicA sRNA that involves target binding and is dependent
on RNase III. Our results show that RNase III cleaves
MicA when hybridized with the targets. The question
then arises how the levels of free MicA are brought back
to normal when the cell no longer needs it. Our pre-
vious results in vivo, showed a high stabilization of
MicA in an RNase E deletion mutant lacking the
C-terminal region (17). This may suggest that RNase E
needs the cooperation of other degradosome components
in the degradation of MicA. In fact, we have previously
shown that PNPase, the exonucleolytic component of
the degradosome, has a great impact over the stability of
this sRNA in Salmonella. According to the results pre-
sented here, the catalytic domain of RNase E also
shows, in vitro, a high efﬁciency in the cleavage of this
Nucleic Acids Research,2011, Vol.39, No. 7 2927sRNA. This single stranded endoribonuclease seems to
play an important role in the regulation of the abundance
of free MicA.
For each sRNA the characterization of its turnover has
to be analyzed from two different perspectives: the inde-
pendent, and the dependent of target interaction. The later
can be similar or not, whether the sRNA decay is
inﬂuenced or not by the respective target(s). Taken
together, the results presented in this study indicate the
existence of two different pathways for MicA sRNA
turnover, each one involving a speciﬁc endoribonuclease.
According to the model proposed in Figure 5, when MicA
is free, RNase E seems to take the control by efﬁciently
degrading the sRNA. However, if MicA is interacting with
the targets the target-dependent pathway of degradation
predominates. This mechanism involves a double stranded
endoribonuclease that is able to degrade both the target
and the sRNA, simultaneously.
Cleavage by RNase III within the sRNA–mRNA
duplex and the subsequent decay of the mRNA intermedi-
ate by the cell machinery could rather resemble the RNAi
scenario in eukaryotic organisms. RNase III-like enzymes
are known to have a pivotal role in eukaryotic small non-
coding RNA function and biogenesis (19). Hence, it is not
surprising that RNase III would also be a main player in
the control of prokaryotic sRNA expression and function,
broadening the enzyme’s global role in the regulation of
gene expression.
SUPPLEMENTARY DATA
Supplementary Data are available at NAR Online.
Figure 5. Schematic representation of the two degradation pathways followed by MicA. RNase E and RNase III are represented by scissors and
pliers, respectively. The two different pathways for MicA degradation are shown on the left side. The possible associations of MicA with its targets
are also depicted. In the wild-type, MicA and the targets should be fully degraded as a result of both degradation pathways in cooperation with the
exoribonucleolytic activity. In the RNase III
  mutant, the MicA-target dependent degradation by RNase III is blocked. As a result, some degrad-
ation intermediates are stabilized and can be detected, namely the target and MicA strands that have interacted but could not be cleaved by RNase
III. ompA being the main target of MicA, its species are over-represented. When additionally the ompA target mRNA is absent, the respective
degradation intermediate is no longer present in the cell and, as a consequence, there is a reduced level of transcripts detected with probes
complementary to MicA-targets.
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